This paper presents results from Finite Element Modelling (FEM) of steel-concrete composite beams strengthened with prestressed Carbon Fibre Reinforced Polymer (CFRP) plate. For the purpose of this study, three beams were strengthened using prestressed CFRP plate with three different levels of induced prestressing force. The models were developed using ANSYS FE package. The results of an experimental study conducted at University of Calgary on same large scale beams were used to validate the model and to compare the changes in flexural behaviour. Very good agreement has observed between the FEM and the experimental results.
INTRODUCTION
Fibre Reinforced Polymers (FRPs) are one of the relatively new materials that been used extensively in civil engineering applications. Throughout the past 30 years, efforts on studying the behaviour and design of FRPs for retrofitting/strengthening applications mainly concentrated on concrete structures. The facts that Carbon FRP possess lightweight, are easy to install, are formable and have good fatigue resistance brought usage of these materials on steel structures to the attention of researchers. The first sparks was to externally bond the CFRP materials on the tension flange then after that prestressing as a method for improving the material efficiency has been considered by researchers. Tavakolizadeh and Saadatmanesh (2003) in a comprehensive study investigated the effect and possibility of strengthening steel-concrete composite beams with CFRP sheets. They found significant increase (up to 76%) in ultimate load carrying capacity of the beams using five layers of nonprestressed CFRP sheets. For the analytical results, they used the incremental deformation method to insure the compatibility of deformations. Al-Saidy, Klaiber and Wipf (2005) used non-prestressed CFRP plates and achieved up to 45% improvement in strength and stiffness. Schnerch et al. (2005) used CFRP strips with different tensile modulus up to three times that of steel, using both prestressed and non-prestressed CFRP with different cross sectional areas with the focus on the stiffness improvement in the service range. They concluded that using prestressed CFRP strips can significantly increase the stiffness under service loading conditions while maintaining the ductility of the original member. Ragab (2007) used intermediate modulus non-prestressed CFRP plate and the increase in the yield and ultimate loads for the strengthened beams with respect to the unstrengthened control beam was 22.5% and 29.0%, respectively. Aly (2007) conducted series of experimental tests to investigate the efficiency of prestressing the CFRP plate to strengthen steel-concrete composite beams using difference prestressing levels (11%, 15% and 21% of the CFRP ultimate tensile strength). With respect to the beam with non-prestressed CFRP plate for the three level of prestressing, the increase in the yield load was 10%, 32% and 18% while for the ultimate load the increase was 6%, 15% and 16%. When compared with the unstrengthened beam, the increase in the yield load was 11%, 34% and 20% while for the ultimate load the increase was 38%, 50% and 51%.
Following the literature body of this strengthening technique shows that analytical modelling has not been well investigated, mainly for prestressing FRP to strengthen steel-concrete composite girders. This paper aims at modelling the steel-concrete composite beams strengthened with prestressed CFRP plate that have been tested at the University of Calgary by Aly (2007) . The modelling was done using ANSYS Finite Element package. The experimental results have been used to validate the FE models.
FEM AND PROPERTIES OF MODELED BEAMS
The described Finite Element modeling was carried out in ANSYS software environment (SAS, 2004) . This commercial software is well known in engineering practical problems and is a powerful tool for numerical analysis. The proposed models are simply supported beams under four-point bending strengthened with prestressed CFRP plate Externally Bonded (EB) at the bottom of the tension flange of the steel section. Geometry of the modeled beams and details are shown in Figure 1 . Since after curing of the adhesive layer, the CFRP plate would be fixed at its place, so for convenience the fixed end anchor side has been modeled. The concrete, steel beam, epoxy adhesive, CFRP plate, end anchor, and welded wire steel mesh were modeled using the appropriate elements in ANSYS software. Due to the symmetry in cross-section of the beam and loading, only one quarter of the beams was modeled (Figure 2 ).
Figure 1. Geometry of the strengthened beams
The Solid65 element was used to model the concrete. This element has eight nodes with three degrees of freedom at each node, translations in the nodal x, y, and z directions with capability of plastic deformation, cracking in three orthogonal directions and crushing. The Solid45 element was used to model the steel beam, CFRP plate, epoxy adhesive, steel anchor at the end of the CFRP plate, and the steel plates under the concentrated loads. This element has eight nodes with three degrees of freedom at each node, translations in the nodal x, y, and z directions with capability of assigning the initial stress. Therefore, the prestressing effect on the CFRP plate was enforced as an initial stress on these elements. The Link8 element was used to model the steel wire mesh reinforcement in the concrete slab. This element is a 3D spar element and it has two nodes with three degrees of freedom, translations in the nodal x, y, and z directions. This element is also capable of plastic deformation. The steel reinforcement modeled using discrete model in which bar elements are connected to concrete mesh nodes. The steel wires perpendicular to the longitudinal direction of the beam were ignored due to having no effect on flexural behavior of the beam. The Beam4 element was considered to model the bolts at the end anchor. This element has two nodes with six degrees of freedom at each node with capabilities of tension, compression, torsion and bending. By assigning the shear deflection constants this element is also capable to consider the shear effects. It is assumed that there is a complete connectivity at the interfaces between the concrete and the top flange of the steel beam and between the bottom flange of the steel beam and the CFRP plate because no failure at both interfaces whether due to debonding of the concrete or the CFRP plate were observed in the tested beams by Aly (2007) . The modeled beam in ANSYS environment is shown in Figure 2 . The Solid65 element requires linear isotropic and multi-linear isotropic material properties in addition to the concrete material defined for this element in ANSYS to properly model the concrete (Wolanski, 2004) . The compressive uniaxial stress-strain curve for the concrete model is obtained by using the equations (2) to (5) to compute the multi-linear isotropic stress-strain curve as shown in Figure 3 (MacGregor, 1992). (MacGregor, 1992) For the steel beam, from the uniaxial tension tests (Aly, 2007) For solving the problem, a number of three load-steps were defined including i) initial stress to enforce prestressing, ii) after prestressing to yielding, and iii) from yielding to failure. The failure criteria adopted for the analytical results was defined according to the material properties which one reaches its ultimate stress or strain. In this regard, strain more than 0.003 has been considered as concrete crushing and the maximum tensile stress of 2565 MPa for the CFRP plate is adopted. Appropriate numbers of sub-steps were considered for each loadstep. Also, the effect of self-weight on the strengthened beam was investigated by assigning density and inertia for the beam. For comparison purpose and to investigate the effect of dead load on the overall flexural behavior, only beam B2-30 was modeled for both cases with and without considering its self -weight.
COMPARISON BETWEEN FEM AND EXPERIMENTAL RESULTS
The results of the FEM analysis has been processed and shown in Figure 4 along with the experimental results obtained by Aly (2007) . The effect of taking into account the self-weight of the beam has been investigated as presented in Figure 4(a) . The flexural behavior of all beams predicted using ANSYS shown in Figure 4 Important key points and parameters of the load-deflection curves, taken from the analytical and experimental results are summarized in Table 2 , including the percentage error between the test and the analytical results. Δ o = negative camber due to prestressing force CC = Concrete crushing P y and Δ y = load and deflection at yielding Pu and Δu = load and deflection at ultimate εFRP-@Py strain in CFRP plate at yield load εFRP-@Pu strain in CFRP plate at ultimate load
